Mesothelial cells play a critical role in the remodeling process that follows serosal injury. Although mesothelial cells are known to synthesize a variety of extracellular matrix components including types I, III, and IV collagens, their potential to participate in matrix degradation has not been explored. We now report that human pleural and peritoneal mesothelial cells express interstitial collagenase, 72-and 92-kD gelatinases (type IV collagenases), and the counterregulatory tissue inhibitor of metalloproteinases (TIMP). Our initial characterization of the mesothelial cell metalloenzymes and TIMP has revealed: (a) they are likely identical to corresponding molecules secreted by other human cells; (b) they are secreted rather than stored in an intracellular pool; (c) a primary site of regulation occurs at a pretranslational level; (d) phorbol myristate acetate, via activation of protein kinase C, upregulates expression of collagenase, 92-kD gelatinase, and TIMP, but has no effect on expression of 72-kD gelatinase; and (e) lipopolysaccharide fails to upregulate the biosynthesis of either metalloproteinases or TIMP. Of particular interest is the observation that the state of cellular differentiation has a striking influence on the expression of metalloenzymes and TIMP, such that epithelioid cells display a more matrix-degradative phenotype (increased 92-kD gelatinase and decreased TIMP) than their fibroblastoid counterparts. We speculate that mesothelial cells directly participate in the extracellular matrix turnover that follows serosal injury via elaboration of metalloproteinases and TIMP. Additionally, the reactive cuboidal mesothelium which is characteristic of the early response to serosal injury may manifest a matrix-degradative phenotype favoring normal repair rather than fibrosis. (J. Clin. Invest. 1993. 91:1792-1799
Introduction
Mesothelial cells line the major body cavities (pleural, pericardial, and peritoneal) and the organs enclosed within, forming a simple squamous epithelial lining layer. They exhibit several distinctive features that may relate to their mesodermal embryologic origin, rather than the endodermal or ectodermal origin of most epithelial tissues. For example, these cells display a mitogenic response to transforming growth factor-,3 and platelet-derived growth factor ( 1), which is unusual for epithelial cells. Mesothelial cells also have a striking degree ofplasticity in their state of differentiation. They may adopt either an epithelioid or fibroblastoid morphology, and express cytoskeletal elements characteristic of both cell types, in vitro and in vivo (2) (3) (4) (5) .
Serosal injury may occur at the pleural, peritoneal, or pericardial surfaces and the strategically located mesothelial cells play a central role in the remodeling process that ensues (6, 7) . Mesothelial cells undergo significant morphologic changes during the repair process, adopting a "reactive" cuboidal morphology shortly after serosal injury (8) . With normal repair, they revert to a squamous morphology and no significant functional impairment results. When severe mesothelial cell injury occurs, the likelihood of fibrosis and its pathophysiologic consequences increases (8) . It has been demonstrated that mesothelial cells have the capacity to directly participate in fibrin deposition and fibrinolysis (9-1 1 ). They can also synthesize a variety of extracellular matrix components including types I, III, and IV collagens (12) (13) (14) , but their potential to participate in matrix degradation during the repair process has not been investigated.
A significant body of evidence suggests that a family of metalloproteinases and the counterregulatory tissue inhibitor ofmetalloproteinases (TIMP) 1 play an important role in tissue remodeling ( 15) . The human metalloproteinases include interstitial collagenase, neutrophil collagenase, stromelysin, 72-and 92-kD gelatinases (type IV/type V collagenases), and the recently described PUMP, or putative metalloproteinase (matrilysin), each with its own preferred matrix substrates ( 16). We have found that human pleural and peritoneal mesothelial cells express interstitial collagenase, 72-and 92-kD gelatinases, and TIMP. Furthermore, metalloproteinase and TIMP expression is modified by the state of differentiation of mesothelial cells, such that epithelioid cells manifest a more matrix-degradative phenotype than their fibroblastoid counterparts. Tissue culture. Primary pleural mesothelial cell cultures were established from pleural fluid obtained from four adult males, with congestive heart failure (n = 3) and sterile parapneumonic effusion (n = 1). The fluid was centrifuged at 300 g and the cell pellet resuspended in medium 199 supplemented with 10% heat-inactivated fetal bovine serum, EGF (20 ng/ml), hydrocortisone (0.5 Mg/ml), penicillin (100 U/ml) and streptomycin (100 ,g/ml). All experiments with pleural mesothelial cells were performed on cells ofpassages 3-5. LP-9 human peritoneal mesothelial cells (23) were cultured in the same medium. Experiments were performed on LP-9 cells of passages 7-10. Tissue culture plates were coated with culture grade gelatin to improve cell adherence. For most experiments, cells were grown to confluence in complete media. The monolayers were then washed with HBSS and changed to serum-free medium, without EGF or hydrocortisone. After a 6-h period, fresh serum-free medium was added and the experimental period begun. Conditioned medium and cell lysates were collected 24 h later unless otherwise noted. Experiments testing the effects of cytokines were harvested at the 48-h timepoint. This longer incubation period necessitated inclusion of 1% serum throughout the experimental period to prevent detachment of the cells from the culture plates.
For the experiments focusing on state of differentiation, LP-9 cells were grown to confluence in serum-containing medium without EGF or hydrocortisone. At near confluence, cells were maintained in serumcontaining medium to favor epithelioid morphology or changed to medium supplemented with delipidized serum (24) to facilitate transition to fibroblastoid morphology. Experiments were begun after differences in cellular morphology were distinct, typically 48-72 h later.
Immunologic assays. Collagenase and TIMP were quantified by ELISA using polyclonal antibodies to collagenase and TIMP purified from human skin fibroblasts as previously described ( 18, 25 Immunoprecipitation was then performed by adding protein A-Sepharose beads that had been preincubated with either a 75-fold dilution of rabbit anti-human collagenase, rabbit anti-human TIMP, rabbit anti-human 92-kD gelatinase, rabbit anti-human fibronectin, or nonimmune sera. After overnight incubation at 40C the precipitates were washed, solubilized by boiling briefly in SDS sample buffer, and subjected to PAGE ( 10% gel) under reducing conditions. The gel was processed for autofluorography with Enlightening as directed by the manufacturer.
To assess total incorporation of[ "S] methionine, proteins were precipitated from an aliquot of each lysate by the addition of 100 Mg of carrier bovine serum albumin and TCA to a final concentration of 10%. The precipitates were collected on fiberglass filters by vacuum and washed free of unincorporated ["S] methionine with ethanol. The filters and 10 ml of OPTI-FLUOR were then placed in scintillation vials and radioactivity measured in a model LS-4000 scintillation counter (Beckman Instruments, Inc. (Palo Alto, CA).
Northern blot analyses. Total RNA was prepared by acid guanidine thiocyanate-phenol-chloroform extraction (27) and quantitated by measuring absorbance at 260 nm. RNA was fractionated on 1% agarose/2.2 M formaldehyde gels, transferred to nylon membranes by capillary action, and cross-linked to the membrane by exposure to UV light. The nylon membranes were then pre-hybridized at 370C for 4-6 h in 5x SSC, 50 mM Na2HPO4, IOx Denhardt's, 2.5% dextran sulfate, 50% formamide, 0.75% SDS, 10 Mg/ml herring sperm DNA. The following cDNA probes were labeled with [a-32P]dCTP by the random primer method: (a) 510 basepair collagenase cDNA fragment derived by the polymerase chain reaction (template, linearized plasmid containing the collagenase cDNA fragment; primers, (+) strand, 961-982 bp, AAGACAGATTCTACATGCGCACA and (-) strand 1464-1439 bp, AGTTGAACCAGCTATTAGCTTTCTGG); (b) linearized plasmid containing the full-length TIMP cDNA; and (c) CHO-B cDNA fragment (0.74 kb) separated from vector DNA by restriction enzyme digestion and preparative agarose gel electrophoresis and then purified with the Prep-a-Gene kit used according to the manufacturer's instructions. Hybridization conditions were as follows: 5x SSC, 20 mM Na2HPO4, I x Denhardt's, 10% dextran sulfate, 50% formamide, 0.5% SDS, 10 Mg/ml herring sperm DNA at 42°C overnight. After hybridization, the membranes were washed at high stringency and exposed to XAR film (Eastman Kodak Co., Rochester, NY) at -70°C with an intensifier screen. Autoradiograms were scanned with an Ultrascan XL enhanced laser densitometer (LKB Instruments, Inc., Gaithersburg, MD). Densitometric measurements for collagenase and TIMP bands were normalized to the corresponding CHO-B band. We have found that the CHO-B mRNA level consistently correlates with the amount of RNA per lane, as judged by the intensity of the ribosomal RNA bands in the ethidium-bromide stained gel.
Substrate gel electrophoresis (28) . Aliquots of conditioned medium, prepared for analysis without boiling or reduction, were applied to 10% polyacrylamide gels impregnated with 1 mg/ml gelatin. After electrophoresis, the gel was incubated in 2.5% (vol/vol) Triton X-100 for 20 
Results
Collagenase and TIMP secretion by mesothelial cells. Our studies initially focused on mesothelial cell expression ofinterstitial collagenase and TIMP. We found no detectable spontaneous release of immunoreactive collagenase from unstimulated pleural mesothelial cells by ELISA assays. In contrast, unstimulated cells secreted substantial quantities of TIMP into the culture medium. Exposure of pleural mesothelial cells to PMA induced marked secretion of interstitial collagenase in a dosedependent manner, while only modestly upregulating TIMP production ( Fig. 1 ). These actions of PMA were apparently mediated by activation of protein kinase C, since the inactive structural analogue, 4a-PMA, had no effect. LPS had no significant effect on collagenase or TIMP production.
Peritoneal mesothelial cells constitutively produced significantly greater amounts of TIMP than pleural cells (43.5±4.5 vs. 4 .4±0.49 ,ig TIMP/mg protein in the cell lysates, mean±SE, n = 4). However, they responded to PMA (and not LPS) in a fashion very similar to the pleural mesothelial cells (data not shown).
Biosynthesis ofcollagenase and TIMP. Immunoprecipitation of labeled proteins from pleural ( Fig. 2) and peritoneal (not shown) mesothelial cell supernatants showed constitutive synthesis and secretion of 29-kD TIMP, but not collagenase. Analysis ofsteady-state collagenase and TIMP mRNA levels. Similar to the studies on protein expression, Northern blot analyses showed constitutive expression of 0.9-kb TIMP mRNA by pleural and peritoneal mesothelial cells, but no constitutive expression of collagenase mRNA (Fig. 3) . PMA induced a striking accumulation of 2.5-kb collagenase mRNA and a modest increase in steady-state levels of TIMP mRNA (Fig. 3) . Concomitant incubation of peritoneal mesothelial cells with cycloheximide (5 ug/ml), an inhibitor of protein synthesis, blocked the PMA-induced increase in collagenase mRNA -95% (determined by densitometric analysis) suggesting that synthesis of a secondary regulatory protein was necessary for this PMA effect on gene expression.
Expression of 72-and 92-kD gelatinases. We next investigated mesothelial cell expression of other members of the metalloproteinase family. Gelatin substrate gels showed that pleural (Fig. 4) and peritoneal (not shown) mesothelial cells have the capacity to produce 72-and 92-kD gelatinases. Both cells constitutively secreted a 72-kD gelatinase. PMA had no effect on 72-kD gelatinase expression, but did induce production of the 92-kD gelatinase. Biosynthetic labeling and immu- 1794 Marshall et al. noprecipitation showed that this increase in 92-kD gelatinase activity was due to biosynthesis of the metalloproteinase (data not shown). Again, the inactive structural analogue, 4a-PMA, had no effect, suggesting that the PMA action was mediated by activation of protein kinase C. Inclusion of 10 mM EDTA in the incubation buffer abolished the 72-and 92-kD gelatinase activities, as would be expected for metalloproteinases. No activity was detected in the cell lysates suggesting that the gelatinases were not stored in an intracellular pool. LPS failed to modify expression of the 72-or 92-kD gelatinase.
Effect of TNF-a, IL-if, and IFN-y on metalloproteinase and TIMP expression. Because macrophages and their secretory products appear to play an important role in serosal injury and repair (7, 30) , we next examined the effects of TNF-a, IL-ll and IFN-y on metalloproteinase and TIMP expression. We found that TNF-a increased production of both collagenase and TIMP, whereas IL-1 increased only the expression of TIMP (Table I ). The addition of TNF-a and IL-l13 together resulted in increases in collagenase and TIMP beyond that obkD 106-..
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50-C PMA LPS loproteinase and TIMP production, we found that epithelioid cells produced significantly less TIMP, both constitutively and in response to PMA (Figs. 7 and 8 ). In contrast, however, PMA induced significantly more 92-kD gelatinase from the epithelioid cultures (Fig. 9) . Amounts of collagenase elaborated in response to PMA were similar in both fibroblastoid and epithelioid cultures (Fig. 8) . In sum, when induced to differentiate from the same progenitor mesothelial cells, epithelioid cells displayed a more matrix-degradative phenotype (increased 92 kD gelatinase, decreased TIMP) than fibroblastoid cells. In contrast, fibroblastoid cells exhibited a more matrixproducing phenotype than epithelioid cells. By using fibronectin expression as a general marker of extracellular matrix production, we found significantly greater accumulation of newly synthesized fibronectin in fibroblastoid cultures than epithelioid cultures (Fig. 10) . Immunocytochemistry also showed greater cell-associated and matrix-associated fibronectin in fibroblastoid cultures as compared to epithelioid cultures (Fig. 11) . Of particular interest is the observation that the state of cellular differentiation has a striking influence on mesothelial cell expression of metalloproteinases and TIMP. Epithelioid mesothelial cells secreted significantly more 92-kD gelatinase in response to PMA than fibroblastoid cells. There was also markedly decreased TIMP expression by epithelioid cells. In contrast, the constitutive production of 72-kD gelatinase and PMA-induced collagenase biosynthesis were not altered by state ofdifferentiation. Thus, the 92-kD gelatinase and interstitial collagenase were not coordinately regulated in this setting. When assessed for extracellular matrix production, fibroblastoid cells synthesized and accumulated much more fibronectin than epithelioid cells. Taken as a whole, the epithelioid cells displayed a more matrix-degradative phenotype (increased 92-kD gelatinase, decreased TIMP) as compared to their matrixproducing fibroblastoid counterparts. We speculate that the cuboidal mesothelium characteristic of the early response to serosal injury (8) may manifest matrix-degradative properties which favor normal repair as opposed to the initiation of fibrosis.
In summary, we have found that human mesothelial cells have the capacity to express metalloproteinases and TIMP and are therefore likely to directly participate in the matrix turnover that follows serosal injury. Furthermore, the state of differentiation of the cells has a marked influence on metalloproteinase and TIMP expression, such that cells with epithelioid morphology adopt a more matrix-degradative phenotype. Further investigation of the modulation of mesothelial cell metalloproteinases and TIMP may provide new insights into the mechanisms of serosal injury and repair as well as rational strategies to promote a favorable outcome.
